INTRODUCTION
Phytosterols are sterol compounds derived from plants. Phytosterols, for example β-sitosterol, stigmasterol, and campesterol are widely distributed in fruits, vegetables, nuts, grains, and legumes 1, 2 . Phytosterols are known to inhibit the absorption of cholesterol and reduce the levels of low density lipoprotein LDL cholesterol and total cholesterol in blood 3 . However, despite their health benefits, free phytosterols are not readily commercialized because of their high melting points and low solubilities, both in water and oils 4 . In addition, owing to their low physical reactivities and poor solubilities, phytosterols must be ingested in very high doses 5 . In contrast, phytosteryl esters have significantly lower melting points and higher solubilities in fats, potentially allowing their practical application in fat-based foods. Moreover, they also exhibit the LDL cholesterol-lowering activity when ingested 3, 6 . Special margarines fortified with steryl esters are now commercially available as functional foods 7 .
The use of immobilized enzymes has many advantages over using free enzymes 9 . Although there was a limit to immobilize the enzyme successfully without any loss of its activity, if it went well, it could become more convenient handling of enzyme. Immobilized enzyme allowed its facile separation from the product, minimized protein contamination of the product in food, and enhanced its stability under both storage and operational conditions. In addition, the immobilized enzyme could be recovered, reused, and incorporated in a continuous reaction system 10 12 .
A packed bed reactor PBR system has several advantages compared to a batch type reactor system, such as easy operations due to its continuous process and effective separation of reaction products. In addition, it is easy to apply to large scale production and improve enzyme stability as well as promote the enzyme reusability 13 16 .
In this study, the synthesis of phytosteryl ester was carried out via lipase-catalyzed esterification of phytosterol
EXPERIMENTAL PROCEDURES

Materials
Echium oil was purchased from Technology Crops International Kensington, Canada . A commercial lipase Lipase OF from Candida rugosa was purchased form Meito Sangyo Co., Ltd. Tokyo, Japan . β-Sitosterol from soybean, ≥ 70 was purchased from Sigma Aldrich Co. Seoul, Republic of Korea and phytosteryl ester purity 98.0 used as a standard was supplied by ADM Decatur, IL, USA . Fatty acid in the phytosteryl ester was composed of oleic acid 61 mol , linoleic acid 21 mol , α-linolenic acid 10 mol , palmitic acid 4 mol , stearic acid 2 mol , and erucic acid 2 mol . Silica gel 60 for thin layer chromatography was purchased from Merck KGaA Darmstadt, Germany . Lewatit ® VP OC 1600 was purchased from Lanxess Energizing Chemistry Leverkusen, Germany . All of the other chemicals used in this study were purchased as the analytical grade unless otherwise noted.
Enzyme immobilization
According to the previous research 18 , Candida rugosa lipase was immobilized. Lewatit ® VP OC 1600 which was selected as the best carrier and 50 mM phosphate buffer solution pH 7.0 were used. The enzyme solution was prepared at 75 mg/mL free Candida rugosa lipase mg/ buffer solution mL and it was added in a carrier at 10 mL/g enzyme solution mL/carrier g . Finally, the immobilized enzyme containing a protein amount in the particle of ca. 99 mg/g was used in this study.
Preparation of fatty acids from echium oil
Echium oil 150 g was added to a solution of sodium hydroxide 60 g in distilled water 150 mL and ethanol 99 , 450 mL . The mixture was refluxed with stirring at 500 rpm for 1 h, and then transferred into a separatory funnel. Water 300 mL was added to the reaction mixture and the aqueous layer containing the saponifiable matter was acidified by adding 6 N HCl to a pH 1 to generate the free fatty acids. The upper layer containing the fatty acids was subsequently extracted into n-hexane 300 mL and this extract phase was washed twice with distilled water 150 mL . The n-hexane layer containing the fatty acids was then dried over anhydrous sodium sulfate and the solvent was removed using a rotary evaporator at 40 . Residual nhexane in the fatty acids was completely removed by nitrogen flushing in a water bath at 50 .
2.4 Esteri cation of phytosterol with fatty acid from echium oil Lipase-catalyzed esterification of phytosterol with fatty acids from echium oil was carried out in a RPBR. The scheme of the reaction and diagram of the RPBR used in this study were shown in Scheme 1 and Fig. 1 . The RPBR consisted of a 300 mm long glass column 86 mm i.d. with a double-water jacket. The glass column was manually packed with the dry immobilized enzyme 5 g which was then fixed in pace using a stainless steel sieve 50 mesh . The substrate 20 g and a certain amount of n-hexane were kept in a reservoir which consisted of a glass vessel with a water jacket, and was agitated at 300 rpm using a magnetic stirrer during the reaction. Prior to starting the reaction, the reservoir and column were heated or cooled to set the desired temperature with a water circulator Model RW-0525G, Jeio Tech, Seoul, Republic of Korea .
Scheme 1 Lipase-catalyzed esterification of phytosterol with fatty acid using Candida rugosa lipase. The reaction mixture was pumped upward into the column by a metering pump Model QG 150, QG 20, QG 6, FMI, Syosset, NY, USA . All trials were conducted in triplicate.
Analytical methods
Samples 20 mg were withdrawn at appropriate time intervals during the enzymatic reaction and dissolved in chloroform 1 mL . A gas chromatography GC, Model 3800; Varian Inc., Palo Alto, CA, USA equipped with a fused silica capillary column DB-1ht, 15 m 0.25 mm i.d. 0.15 μm film thickness, J&W Scientific, Folsom, CA, USA and a flame ionization detector FID were used for the analysis. The column was held at 120 for 3 min and programmed to rise to 370 at a rate of 25 /min. The column was then held at 370 for 5 min. The column flow was 1.5 mL/min and the split ratio was 1/50. The injector and detector temperatures were maintained at 370 . The conversion to the phytosteryl ester referred to the degree of the synthesis of phytosteryl ester and was calculated by the following equation:
Where, a is the mol of phytosteryl ester in the reaction mixture, and b is the mol of the remaining phytosterol in the reaction mixture.
Response factor between phytosterol and phytosteryl ester was obtained and applied to calculate the conversion. The chromatograms of initial substrate and reaction mixture after lipase-catalyzed esterification were shown in Fig. 2 . The GC peaks of each substance such as phytosterols, fatty acids, and phytosteryl esters, were grouped to be calculated.
RESULTS AND DISCUSSION
Effect of temperature
Reaction temperature is very critical in an enzymatic reaction because it influences the activity and selectivity of enzymes. An increase of reaction temperature usually results in an acceleration effect, but overly high temperatures can also deactivate the enzymes 19, 20 .
The effect of temperature on the synthesis of phytosteryl ester as a function of reaction time was depicted in Fig. 3 . For these trials, the molar ratio phytosterol to fatty acid , the retention time, and the amount of solvent were kept at 1:3, 3 min, and 60 mL, respectively. The range of temperature tested was between 20 and 50 . During the initial stage, the conversion increased significantly as the temperature increased from 20 to 40 . Meanwhile, when temperature was increased from 40 to 50 , a slight decrease in the conversion was observed during the same time frame. For the trials at 40 and 50 , the conversion approached a plateau after 60 min, but no significant difference in the conversions between 40 and 50 was observed throughout the entire reactions.
Several studies regarding the synthesis of phytosteryl Fig. 2 The chromatograms of initial substrate a and r e a c t i o n m i x t u r e a f t e r l i p a s e -c a t a l y z e d esterification b . The reaction was carried out at the substrate weight of 20 g, the temperature of 40 , the retention time of 3 min, and the solvent amount of 40 mL. Fig. 3 Effect of temperature on the synthesis of phytosteryl ester as a function of reaction time. The reaction was carried out at the substrate weight of 20 g, the molar ratio of 1:3 phytosterol to fatty acid , the retention time of 3 min, and the solvent amount of 60 mL. All trials were conducted in triplicate.
ester via enzymatic reaction reported that the optimum temperature in a solvent-free system was higher than that in a solvent system. that the conversion of phytosterol oleic esters in a solvent system increased as the temperature increased from 30 to 45 , but the reaction rate slightly decreased when the temperature was above 45 22 . These results indicated that the optimum temperatures of the solvent system and solvent-free system are different and are also consistent with our results. Hence, 40 was selected for the optimum temperature in this study.
Effect of molar ratio
The effect of the molar ratio phytosterol to fatty acid on the synthesis of phytosteryl ester as a function of reaction time was depicted in Fig. 4 . For these trials, the temperature, the retention time, and the amount of solvent were kept at 40 , 3 min, and 60 mL, respectively. The range of molar ratio phytosterol to fatty acid tested was between 1:2 and 1:4. Although an equimolar ratio of 1:1 phytosterol to fatty acid may appear to be ideal in terms of the economical aspect of the process and further purification of the end products, it was observed that an equimolar ratio was not advantageous for phytosteryl ester synthesis 23 . In addition, when the molar ratio decreased, the proportion of phytosterol in substrates increased, and it led to increase the viscosity of reaction mixture and declined mass transfer and diffusional limitation 24 . In this study, the conversion increased as the molar ratio was increased from 1:2 to 1:3 throughout the entire reaction. However, the initial reaction rates as well as the maximum conversions were rather slightly decreased, when molar ratio was increased up to 1:4. Therefore, 1:3 phytosterol to fatty acid was selected as the optimum molar ratio for the subsequent experiments, when the maximum conversion and economic feasibility were considered.
Effect of retention time
Retention time indicates the time that the substrates are in contact with the enzyme in the reactor. Thus, the enzyme can only catalyze the reaction during the retention time, which was controlled by the pumping speed of the substrates. For the RPBR employed in this study, a certain high pumping speed was necessary for effective esterification. When the pumping speed was too low, the phytosterol and fatty acid used as substrates were not mixed efficiently.
The effect of the retention time on the synthesis of phytosteryl ester as a function of reaction time was shown in Fig. 5 . For these trials, the temperature, the molar ratio phytosterol to fatty acid , and the amount of solvent were kept at 40 , 1:3, and 60 mL, respectively. The range of retention time tested was between 1 and 9 min.
The initial reaction rate increased steadily as the retention time decreased from 9 to 3 min during the initial stage. The reaction was carried out at the substrate weight of 20 g, the temperature of 40 , the molar ratio of 1:3 phytosterol to fatty acid , and the solvent amount of 60 mL. All trials were conducted in triplicate. Fig. 4 Effect of molar ratio phytosterol to fatty acid on the synthesis of phytosteryl ester as a function of reaction time. The reaction was carried out at the substrate weight of 20 g, the temperature of 40 , the retention time of 3 min, and the solvent amount of 60 mL. All trials were conducted in triplicate.
However, the initial reaction rate decreased when the retention time was further decreased up to 1 min. Decrease in the conversion at a retention time of 1 min can be explained by an insufficient retention time as the substrates went through the reactor. Short retention time in the reactor led to a reduction of contact time between the substrates and enzyme, causing insufficient conversion of substrates during the initial reaction time 25, 26 .
The conversion approached equilibrium after 60 min at a retention time of 3 min, while the conversions reached the equilibrium after 120 min at retention times of 6 and 9 min. The maximum conversion of ca. 88 mol was obtained at the retention time of 3 min after 120 min. Therefore, 3 min was selected as the optimum retention time.
Effect of solvent amount
In a solvent system, the amount of solvent is one of the critical factors in enzymatic reaction. Organic solvent can increase the solubilities of organic compounds and lead to increase the reaction rate 27 . However, using much organic solvent is hostile environments and can decrease the activity of enzyme because it contains little water 19, 28 . Thus, it is important to determine the optimum ratio of solvent to substrates in the balanced quantity. The effect of the solvent amount on the synthesis of phytosteryl ester as a function of reaction time was indicated in Fig. 6 . In these trials, the temperature, the molar ratio, and the retention time were kept at 40 , 1:3, and 3 min, respectively. The range of solvent amount tested was between 40 and 80 mL. However, the operation of RPBR could not be carried out efficiently at volumes less than 40 mL due to solidification of phytosterol.
The conversion decreased when the amount of solvent was increased from 40 to 80 mL during the initial stage. The lowest initial reaction rate and conversion were obtained at 80 mL. This may be have resulted from the dilution of the substrates with too much n-hexane present in the system 29 . As the amount of solvent increased, the proportion of substrates in the reaction mixture decreased and it leads to less frequent contact between the substrates and enzyme. Therefore, the lower reaction rates and conversions were observed when the amount of solvent was increased. Hence, 40 mL was selected as the optimum amount of solvent, when the maximum conversion and economic feasibility were considered.
3.5 Fatty acid compositions of echium oil and phytosteryl ester The fatty acid compositions of the initial echium oil and the phytosteryl ester obtained after esterification were shown in Table 1 . α-Linolenic acid, the major fatty acid of echium oil, was also the major component of phytosteryl ester, followed by the oleic acid and linoleic acid. According to the previous studies, Candida rugosa lipase is known to be strongly active towards Δ9-unsaturated fatty acids 30, 31 .
In contrast, the contents of γ-linolenic acid C18:3, n-6 and stearidonic acid C18:4, n-3 in phytosteryl ester synthesized were significantly lower than those in echium oil. These results were also consistent with those reported in that Candida rugosa lipase is known to be weakly active towards several polyunsaturated fatty acids, in the esterification of fatty acids with alcohols 32 34 . Fig. 6 Effect of solvent amount on the synthesis of phytosteryl ester as a function of reaction time.
The reaction was carried out at the substrate weight of 20 g, the temperature of 40 , the molar ratio of 1:3 phytosterol to fatty acid , and the retention time of 3 min. All trials were conducted in triplicate. 
CONCLUSIONS
The synthesis of phytosteryl ester was carried out successfully via the lipase-catalyzed esterification of phytosterol with fatty acid from echium oil in a RPBR. Self-immobilized Candida rugosa lipase in our study was used as the biocatalyst. The reaction conditions of temperature, molar ratio of phytosterol to fatty acid, retention time and the amount of solvent were optimized. The maximum conversion of ca. 90 mol was obtained under the optimum conditions.
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